The differences in the impurity gettering between single and multicrystalline silicon are discussed. These differences arise from impurity-defect interactions that occur during thermal processing of multicrystalline material. A gettering model is proposed to explain the observed behaviour of gettering in multicrystalline cells.
INTRODUCTION
Impurity gettering is an essential process step in fabricating silicon devices. In integrated circuit (IC) fabrication, gettering primarily removes impurities that may have diffused into the wafers during one or more previous process steps 111. However, in solar-cell fabrication, the role of gettering is quite different-it aims to upgrade the lower-quality material to enable fabrication of highefficiency devices on low-cost substrates. Furthermore, gettering in solar cells is intended to be a byproduct of cell-fabrication processes. Although much information exists on the gettering effects in IC devices, this information cannot be directly applied to low-cost (both single-and multicrystalline) silicon. This is so because in tow-cost silicon, many impurity and defect interactions are activated during a gettering process that do not occur in the IC device fabrication. These interactions occur for the following reasons: (a) effective removal of impurities from the entire bulk of the solar cell requires extended gettering, involving long times and higher temperatures; {b) the concentrations of various impurities in solar-cell substrates are considerably higher than that of IC devices; and (c) solar-cell substrates have high densities of crystal defects.
In this paper, we discuss results of studies carried out to identify mechanisms that cause these differences and to find methods that can produce waferddevices with a uniformly high minority-carrier diffusion length (MCDL) and solar-cell response. These investigations have led to a gettering model for multicrystalline silicon that explains results observed by us, as well as results reported by other researchers.
GElTERlNG METHODWANALYSES
The gettering studies were done on both highquality single-crystal and multicrystalline (MC) commercial solar-cell silicon wafers, using phosphorus, chlorine, and aluminum gettering. We have also investigated two new gettering schemes that show excellent promise for solar cells. These methods are back-side hydrogen gettering and ultrasound treatments.
Phosphorus diffusions were performed using either Si P, O, solid source or POCI, source. Effective gettering by P requires its concentration at the wafer 625 surface to be high. This is because the mechanisms of P gettering involve higher solubility of metallic impurities in the heavily P-diffused region, and impurity segregation at the Si ,P, precipitates and dislocation loops produced by heavy diffusions. Consequently, P diffusions must be carried out at high temperatures. In our experiments, the diffusions were typically done in the temperature range of 850°-1 025OC for 60-1 20 minutes. These diffusion conditions were selected because the lower range of temperature is generally used for solar-cell fabrication, whereas the upper temperatures gave best gettering results on single-crystal float-zone (FZ) wafers. Chlorine gettering was performed using tricholoroethane (TCA) Source/O, in the temperature range of 1000"-1 150°C for 30-90 minutes. It is known that chlorine gettering occurs via formation of volatile metal chlorides, a process whose efficiency decreases with temperature. Aluminum gettering was performed by depositing a thin layer, typically I bm, of AI on the wafer and performing a subsequent anneal, either in a conventional furnace at 7OO0-90O0C, for 60-120 minutes or in an RTA furnace at 60O0-90O"C for 0.5 to 5 minutes [1,2].
Hydrogen gettering uses hydrogen-induced defects as the gettering sites. The technique uses a lowenergy hydrogen implant to produce specific defects known as platelets on the back side of the wafer. These defects have been identified as having cores of vacancytype defects that can capture and trap interstitial impurities like transition metals. In a typical gettering process, the hydrogenation is followed by a low-temperature process in which the sample is illuminated with intense light from a bank of tungsten-halogen lights. Fast-d#fusing impurities such as transition metals are trapped at the platelets, leaving the bulk of the wafer devoid of these impurities. Ultrasound gettering uses ultrasonic energy, coupled to the wafer by means of a transducer, to produce a dissociation of impurities from dislocated regions. This technique appears primarily to improve regions of low MCDL 131. Solar cells were gettered by phosphorus diffusions and AI treatments by the conventional processes.
A surface photovoltage (SPV) technique was used to monitor the MCDL before and after gettering. In some cases, the Fe and Cr concentrations were measured before and after gettering using a technique that is also based on the SPV principles. Finished solar cells were analyzed by I-V characterization and mapped by lightbeam-induced current (LBIC) using PVSCAN 5000 [4].
RESULTS
The gettering procedures described above produced expected improvements in the MCDL in singlecrystal material. Generally, in the case of an IC-quality single-crystal wafer, the gettering efficiency increases both with time and temperature, and impurity removal is 0-7803-3166-4/96/$5.00 0 1996 IEEE 25th PVSC; May 13-17, 1996; Washington, D.C.
spatially uniform. However, in MC materials, the gettering results differ in many ways. Here, we only emphasize the aspects that relate to a better understanding of the mechanisms responsible for causing differences between single-crystal and MC silicon. These mechanisms are then used to develop a gettering model for MC silicon. These features are briefly described below.
Interactions of impurities with Crystal Defects
Our analyses have shown that commercial silicon wafers for photovoltaic applications have high concentrations of Fe and Cr. Typical densities of these impurities range from 10" to 10 12/cm3. Furthermore, it is observed that a well-defined correspondence between Fe (or Cr) concentration and MCDL does not exist. This may be attributed to impurity-defect interactions that can cause nonuniformities in the concentration of dissolved impurities. Figure 1 shows diffusion length and Fe concentration distribution in a commercial multicrystalline material before and after CI gettering. These data were taken from many wafers and show several important features.
1.
The diffusion lengths are below the theoretical limit set by the formation of Fe-B pairs in a single-crystal material. The solid line identifies this limit on the diffusion length for various Fe concentrations. This result demonstrates that in multicrystalline wafers, the MCDL is controlled by other impurities and/or defects.
2. Figure l a shows that the data are concentrated primarily in two groups-region I, where the diffusion length is considerably lower than the Fe-B limit and shows low Fe concentration, and region 11, where MCDL is close to the Fe-B limit. Our studies on the comparison of spatial maps of Fe/Cr and defect density shows that region I corresponds to heavily dislocated areas of the wafers.
3. Figure 1 b shows that region I is nearly unchanged by gettering whereas region I I shows significant improvement in the diffusion length. We believe that region 1 has precipitated Fe-this was supported by the observation that dissolved Fe concentration as measured by the SPV technique was lower at high-dislocation-density sites.
4.
Similar results are also observed in solar cells. Figure  2 shows LBlC maps at the excitation wavelength (k0.905 km) of two solar cells fabricated on adjacent wafers. In one case, the cell was fabricated using a single phosphorus diffusion for junction formation (Figure 2a ). In the other case (Figure 2b ), phosphorus gettering was performed before cell fabrication. The legend on the maps shows the response of the cell in mNmW. Gettering is shown to improve most of the cell area except localized regions near the middle of the cell. From defect maps produced by PVSCAN 5000, these regions are identified as having high dislocation density.
The results described above demonstrate that impurity removal by external gettering has much lower efficiency in the regions of high dislocation density compared to regions with low or zero dislocation densities. Interestingly, as described above, the dissolved Fe and Cr concentrations at the defected regions, in the as-grown material, are lower than in the low-defect regions. This implies that precipitation of metallic impurities occurs at the defect sites during the growth process. This explains why gettering of impurities that have precipitated at defects is difficult by conventional gettering procedures. Lower gettering efficiency in the defected regions is observed in all gettering processes, except by the ultrasound technique.
AI Gettering by RT
The impurity gettering by AI treatment is thought to be a result of impurity dissolution in liquid Al. This process can occur at temperatures lower than for phosphorus or C I gettering and can be effective for a variety of different impurities because the solubility of nearly all metallic impurities is quite high in liquid AI. In a high-quality single-crystal wafer, the dependence of gettering efficiency on the process temperature (above 700°C) is not expected to be strong. Similar to the P gettering, where one would expect release of impurities from gettering sites at higher temperatures, the AI gettering can be very effective provided slow cooling is used in this process. Slow cooling ensures that the residual impurity concentration in the gettered region is Diffusion length and' Fe concentration distribution before (la) and after (lb) CI gettering. The solid line indicates the limit of MCDL due to Fe-6 recombination. much below the solubility limit at the maximum process temperature.
Effects of cooling rate can easily be seen in AI gettering of a ribbon material performed in an RTA set-up. Figure 3 shows the ratio of (diffusion length after gettering)/(diffusion length before gettering) for two cooling rates of 125"C/s and 3OoC/s. AI gettering was done under different process conditions that included changing heating and cooling rates. It was found that the gettering efficiency depends on the heatinglcooling rates as well as on the maximum temperature. The optimum maximum temperature was found to be 700°C. The optimum heating /cooling rate was determined to be 3OoC/s. The optimum time for AI gettering varies for different materials. Figure 4 shows the average increase in diffusion length for a ribbon sample and a cast wafer. In this case, the cast wafer requires longer gettering. We ~ 627 believe that optimum values for both the time and temperature depend strongly on the nature and concentration of the impurities in the material. These effects can be inferred from the gettering model presented in the next section.
Saturation of Gettering Region(s)
High concentrations of impurities present in the solar-cell substrate can saturate the gettering regions. Hence, sequential gettering steps such as AI treatment following a phosphorus treatment can be additive in improving the material quality. Our AI gettering has shown that, when the impurity concentration is high, multiple gettering using thinner gettering layers can be more effective than a single-step gettering using a thicker AI film.
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It is interesting that AI gettering appears to have ions as phosphorus or chlorine gettering in cient in the regions of high-dislocation und treatment offers some promise as a proving high dislocation regions. It is expected that hydrogen gettering may also provide some added advantage by producing passivation of defected regions.
G
DEL
Our analyses of the gettering results suggest that there are a number of impurity-defect interactions that occur during gettering of a multicrystalline silicon wafer. These interactions are time-and temperature-dependent and are also influenced by point-defect injection that accompany each gettering process. Many observed results of gettering, passivation, and thermat processing on the solar-cell performance can be explained by considering such interactions between defects and es that take place during a gettering or a thermal process. A model that illustrates these interactions is shown in Figure 5 . This figure depicts a mutticrystalline silicon sample containing grain boundaries, dislocations, impurities, and point defects such as interstitials and vacancies. The impurities are shown to be in two statesdissolved, and precipitated at grain boundaries and dislocations. This model can be used to explain qualitatively why gettering does not improve the regions of high dislocations and why processing at temperatures higher than about 95Q"C can result in degradation of the material quality. The former is related to the fact that precipitation of impurities at the defect sites takes place at high temperatures during the cool down of the crystal.
Experimental results suggest that during the crystal growth, impurities precipitate on dislocations and grain boundaries with the formation of silicides. Because precipitated impurities cannot migrate, a Conventional gettering process does not effectively remove impurities from heavily dislocated regions. On the other hand, pointdefect injection that can take place during a gettering process can enhance impurity dissolution. If the impurity dissolution rate is greater than the gettering rate, the gettering step can result in an increase in the concentration of the dissolved impurities, accompanied by a degradation in the cell performance. This process is likely to occur at higher temperatures.
DISC
All gettering processes seem to work well on multicrystalline wafers if the gettering temperatures are below about 900°C. It is known from results of FZ singlecrystal wafers that gettering by P diffusion improves with temperature. However, in the case of CZ single-crystal silicon this feature may not be true because at higher temperatures sume precipitation of oxygen can occur. In the MC wafers, the mechanism appears to be different, as discussed in the ab primarily because t participate in prec how welt it can getter heavily dislocated regions.
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